The thermal stability and lifetime of shear-induced precursors under various annealing temperatures, as well as the influence of their relaxation on the crystalline modification in β-nucleated isotactic polypropylene (iPP), are investigated using an ARES rheometer. The wide-angle X-ray diffraction results show that the β-crystal content of sheared β-nucleated iPP samples gradually increases with thermal treatments. The relaxation of shear-induced precursors during annealing which caused the decrease of shear nuclei may restrain the counteraction effect between the shear flow and β-nucleation agent as well as result in the increase of β-crystal content. At the early stage of relaxation, the relaxation degree is closely related to the increase of β-crystals, for which the deeper relaxed shear-induced precursors result in the more restoration of β-crystals. However, when the relaxation degree exceeded a certain limitation, where the β-crystals reached the maximum, the relaxation of shear-induced precursors will no longer influence the crystal structure of β-nucleated iPP.
Introduction
As a widely used polymer material, isotactic polypropylene (iPP) owns tremendous commercial value, because of its various application fields. However, the poor toughness is its Achilles' heel. Thereby, how to improve the impact resistance of iPP has always been the most important problem to be solved in both industry and academia. Compared to the common modification of iPP, i.e., α-form, β-form iPP exhibits enhanced impact resistance, which is usually attributed to the phase transformation from β-to α-form and the intrinsic loose structure of β-crystals that are in favor of energy dissipation [1, 2] . The thermodynamically metastable β-form can be achieved under special conditions such as crystallization under temperature gradients [3, 4] , under shear [5] , or in the presence of specific β-nucleation agent [6, 7] . Until now, adding β-nucleation agent is still the most effective and accessible method to obtain the iPP with a high level of β-phase crystals [8] . However, in most of the polymer processing operations used to mix β-NA and polymer, the inevitable shear force can easily orient and stretch the long and flexible polymer chain and lead to a further effect on crystalline structure formation of iPP. Hence, the shear flow effect should be taken into consideration in order to obtain relatively pure β-iPP.
The intricate shear flow effect on the crystallization of iPP can be roughly divided in three aspects. The most remarkable effect is the enhancement of the crystallization rate, which leads to significantly accelerated crystallization rates compared to crystallization under quiescent condition [9, 10] . The second aspect is that shear flow causes an oriented crystalline structure of iPP, i.e., a shish-kebab structure, which distinguishes from the normal spherulites formed under quiescent condition [11, 12] . The last but very important aspect is the great influence of shear flow on the crystalline phase that induces iPP to form β-phase crystals. Previous studies reported the phenomenon that a high shear rate could restrain the formation of β-crystals [13, 14] . Li et al. [15] proposed that the oriented α-row nuclei induced by shear flow could trigger the competitive growth of α-and β-crystals, which consequentially decreased the content of β-crystals in the limited growing space. In view of the fact that the oriented α-row nuclei is the original cause of the complicated shear effect, we consider that investigating the inherent characteristic of the shear-induced precursors may be a breakthrough to solve this problem.
With respect to the structure of shear-induced precursors, many earlier studies have achieved a general description by means of rheometry and in situ wide-angle X-ray diffraction (WAXD), small-angle X-ray scattering (SAXS), small-angle light scattering (SALS), optical microscopy, and electron microscopy [10] . For the shear-induced precursors with a shish-kebab structure, many previous experiments [16] [17] [18] demonstrated that it can survive for long under quiescent condition, even when temperature was higher than the melting point of a semicrystalline polymer. Thereby, we consider that figuring out the relationship of thermal stability of shear-induced precursors and its effect on the crystalline structure of β-nucleated iPP may be a primary step to regulate the content of β-crystals.
In this paper, we designed an experiment which allowed getting shear-induced precursors with various relaxation degrees by controlling annealing treatment. The effect of shear-induced precursors' relaxation on isothermal crystallization kinetics and the content of β-phase crystals were investigated. Accordingly, the thermal stability and relaxation of shear-induced precursors in β-nucleated iPP were also speculated, and the relationship between the structure of shear-induced precursors and the content of β-phase crystal in β-nucleated iPP was established.
Experimental
2.1. Materials and Methods. Ziegler-Natta isotactic polypropylene (F401) was purchased from Yangzi Petrochemical Co., SINOPEC. The peak melting point obtained from the differential scanning calorimeter (DSC) is 167°C. Aryl amide compounds (TMB-5) were used as β-nucleating agent here, which were supplied by the Shaanxi Institute of Chemical Industry. The iPP was melt mixed with TMB-5 in a weight ratio of 0.1 wt% in a torque rheometer (180°C, 80 rpm). The β-nucleated iPP was molded into 0.4 mm thick sheets (200°C, 15 MPa) and cut into disks of 25 mm diameter for rheological experiments.
2.2.
Rheometry. An ARES rheometer with torsional parallel plate geometry combining with a temperature-controlled oven was used to provide precise control of shear flow and temperature. The torque and strain resolutions are 1 nN·m and 0.04 ω·rad, respectively, and the accuracy of the temperature-controlled oven can reach ±0.1°C. The short-term shear flow was operated in a steady mode with different shear rates (20 to 50 s -1 ) for 10 s. The dynamic oscillatory mode was carried out to monitor the course of crystallization. The change of storage modulus G ′ and loss modulus G ″ with time was tracked. Khanna [19] proposed a method to describe the crystallization behavior of a polymer by rheological characterization. They gave a relationship for the transformed fraction, α t , as a function of storage modulus G ′ :
where G′ t , G 0 ′, and G ∞ ′ are the storage moduli at time t, 0, and infinity. The value of α t is a time-dependent parameter to reflect the degree of crystallization.
2.3. Thermal-Shear Protocol. The applied thermomechanical profile for ARES tests is shown in Figure 1 . The disk sample was heated to 210°C for 5 min to erase the thermal history, and then, the sample was fast cooled to shear temperature, T S . The shear temperature was selected as 170°C that was higher than the actual melting point of iPP spherulites. The shear pulse was applied to the melt for 10 s at a shear rate of 40 s -1 . To investigate the thermal stability of shear-induced precursors, the sample was heated to relaxation temperature (T R ) that ranged between T S and 190°C for a different time. The sample was program-controlled cooled to the crystallization temperature (T C = 135°C) at a rate of 30°C/min and held at this temperature isothermally until complete crystallization.
2.4.
Wide-Angle X-Ray Diffraction Measurement. WAXD measurements were carried out on a PANalytical X'Pert diffractometer (PANalytical, Netherlands) in a reflection mode using Ni-filtered CuK α irradiation (λ = 0 154 nm) under a voltage of 40 kV and a current of 40 mA. Intensity versus diffraction angle 2θ was recorded in the region from 10 to 30°. Subsequently, through deconvoluting the peaks in linear WAXD profiles, the relative content of the β-crystals K β was evaluated by the method that Turner Jones et al. [20] proposed:
where I β 300 is the intensity of the (300) reflection peak and I α (110), I α (040), and I α (130) are the intensities of the (110), (040), and (130) reflection peaks, respectively.
Results and Discussion

Thermal Stability and Lifetime of Shear-Induced
Nucleation Precursors in Pure and β-Nucleated iPP. The crystallization curves of pure and β-nucleated iPP which relaxed for a different time are shown in Figure 2 . The shear pulse was applied at 170°C for 10 s, and then, relaxation was conducted at the same temperature for different durations. The change of G ′ during isothermal crystallization at 135°C was tracked to investigate the crystallization process of iPP and β-nucleated iPP. For both pure iPP and nucleated iPP, the sheared samples present the fastest crystallization rates, while the quiescent samples present the slowest crystallization rates. The relaxation treatment at 170°C obviously decelerates the crystallization rates of either iPP or β-nucleated iPP compared with samples that have not been relaxed, and longer relaxation time makes the crystallization rates of relaxed samples closer to the quiescent samples, which is in 2 International Journal of Polymer Science agreement with previous studies that also found that relaxation caused attenuation of shear-enhanced crystallization because of the dissolution of shear-induced nucleation precursors [17, 18] . The relaxation temperature was set close to the processing temperature in realistic production which was lower than the equilibrium melting point of iPP to mimic thermal treatment in real processing. Both iPP and β-nucleated iPP are in their melt state at the relaxation temperature, while the thermal history of both samples cannot be erased.
To quantitatively evaluate the relaxation behavior of shear-induced precursors, a dimensionless factor proposed by Cavallo et al. [17] was introduced in this work. It is defined as the relative shear efficiency (RSE) which represents the residual effect of shear on the crystallization rate:
where t 0 1 t R , t 0 1 t R = 0 , and t 0 1 quiescent are the time when the transformed fraction, α t , equals to 0.1, for samples which have been relaxed at high temperature for a time t R , for samples immediately quenched to T C after shear, and for unsheared samples, respectively. The value of α t is calculated by equation (1) . As mentioned in Experimental, the evolution of G′ with time could be used as an indicator of relative crystallinity. When α t is less than 0.1, the initial stage of crystallization mainly involved the nucleation process with rare interference of the crystallite growing process [15] . Thereby, we modified the conception of RSE by using the time when α t is 0.1 to replace the half-crystallization time. According to the definition, the value of RSE lies between 0 and 1. The value 1 stands for the maximum shear efficiency when samples have not experienced relaxation, and 0 stands for the minimum shear efficiency when samples crystallized under quiescent condition. RSE only reflects the relaxation behavior leading to dissolution of shear-induced precursors but does not provide direct information of inherent character of shear-induced precursors. The value of RSE calculated by equation (3), as a function of relaxation time for iPP and β-nucleated iPP, is plotted in Figure 3 . The linear decrease of RSE with increasing of relaxation duration can be observed for both samples. However, there is a great discrepancy of the decreasing rate between pure iPP and β-nucleated iPP. The relaxation rate of shear-induced precursors in pure iPP is much faster than those in β-nucleated iPP. It is expected that the gradual dissolution of the shearinduced nucleation precursor during high temperature relaxation is the main reason for the attenuation of shear efficiency. Thereby, the different relaxation rates of two samples result from the different thermal stabilities of their shear-induced precursors. Previous studies found that the surface of large particles could stabilize extended chain conformations due to the surface contact points acting as physical cross-links [21] . Similarly, nanoparticles which have a strong affinity for a polymer molecule have been found the analogous effect [22] . Based on the experimental results, we believe that the introduction of foreign particles largely limited the mobility of polymer chains, meanwhile acting as physical cross-links in the flow-induced oriented structure. As a result, the nucleation agent particles stabilized the shear-induced precursors retarding the relaxation process of these precursors.
Activation Energies of Shear-Induced Precursors in β-
Nucleated iPP. To better understand the thermal stability of shear-induced precursors in β-nucleated iPP, additional relaxation temperatures were set for comparison. Figure 4 shows the G ′ curves of β-nucleated iPP relaxed at 180°C and 190°C for different times. It shows that the crystallization of samples decelerated fast after relaxation at 180°C and 190°C, while the shear-enhanced crystallization did not disappear completely even if it relaxed at 190°C that means shear-induced precursors could almost survive in real processing. Figure 5 shows the evolution of RSE as a function of relaxation time for different relaxation temperatures (170°C, 180°C, and 190°C). For samples relaxed at 190°C, the relaxation rate is faster than samples relaxed at 170°C and 180°C. Obviously, the decreasing rate of RSE is significantly dependent on the value of T R , suggesting that temperature plays a key role in dissolution of shear-induced precursors. Earlier literatures defined the lifetime of the shear-induced precursor as the time required for the relaxation process to completely eliminate shear effects, which can be determined by morphology observation or crystallization kinetic comparison [16, 17] . Here, the time for sheared samples to completely eliminate the enhancement of the crystallization rate is the relaxation time needed when RSE equals to 0. Therefore, the lifetime of shear-induced precursors can be determined by extrapolating the straight line in Figure 5 to RSE = 0. Based on the RSE data, the calculated lifetime of shear-induced precursors at 170, 180, and 190°C is 3600, 1100, and 500 s, respectively. As suggested by Janeschitz-Kriegl and Eder and other earlier studies in relaxation of shear-induced precursors, relaxation of shear-induced precursors follows an Arrhenius-type dependence [23] . The kinetics governing annealing at high temperatures obeys time-temperature superposition, with an apparent Arrhenius activation energy, and this activation energy is much larger than the flow activation energy, since the process of shear-induced precursor relaxation involves a detachment of polymer chain segments from the oriented 3 International Journal of Polymer Science nuclei and subsequent diffusion into the melt. Here, the temperature dependence of lifetime and apparent activation energy for shear-induced precursors can also be described by a deformation Arrhenius equation, as previous works of Cavallo et al. [17] :
where R is universal gas constant (8.314 J/K·mol), τ 0 is material constant, T is the absolute temperature (K), and τ T is the lifetime at certain temperature. By substitution of the value of lifetime into equation (4), the value of activation energy for shear-induced precursors is calculated around 170 ± 20 kJ/mol. This result is close to the value of the iPP precursor (ca. 200 kJ/mol) proposed by Janeschitz-Kriegl [24] , 210 kJ/mol calculated by Cavallo et al. [17] , and 160 kJ/mol calculated by Fan et al. [18] and is much larger than the energy of activation for viscous flow (∼44 kJ/mol for iPP) [25] suggesting that the detachment of polymer chain segments from the oriented nuclei is the limiting step in the process of shear-induced precursor relaxation not diffusion of the detached stem into the melt.
Effect of Shear and Subsequent Relaxation on the
Crystalline Structure. Figure 6 shows the WAXD curves of iPP containing β-nucleation agent under quiescent and shear conditions. Under quiescent condition, only the (300) reflection of β-form crystals is clearly seen at 2θ = 16 0°. However, an obvious difference is observed under shear condition.
Other three peaks at 2θ of approximate values 14.2, 17.0, and 18.7°were present, which correspond to the (110), (040), and (130) reflections of α-form crystals of iPP, respectively. This indicates that shear flow can engender more α-form crystals in β-nucleated iPP. We calculated the relative content of the β-crystals, K β , by using equation 2 from the WAXD data. The relative content of the β-crystals for the quiescent crystallized sample is around 0.97, while K β decreases to about 0.81 for the sheared sample. To further understand the influence of shear flow on the formation of β-crystals for β-nucleated iPP, samples sheared under different shear rates were tested by WAXD. As shown in Figure 7 , the (300) reflection of β-form crystals at 2θ = 16 0°becomes weaker when experiencing a more intense shear pulse, meanwhile the principal reflection of α-crystal at 2θ = 14 2, 17.0, and 18.7 becomes stronger. It suggests that shear condition indeed obstructs the formation of β-crystals for the nucleated iPP system. To investigate the influence of relaxation on the crystalline structure, partially relaxed samples with various thermal annealing times were tested by WAXD, and Figure 8 International Journal of Polymer Science 170°C after shearing. For the sheared sample without relaxation, the principal reflection of α-crystal at 2θ = 14 2, 17.0, and 18.7 can be easily seen. However, the three peaks gradually disappeared with the prolonging of relaxation time. When samples were relaxed at 170°C for more than 15 minutes, the three peaks of α-crystal had already become hard to be seen. It demonstrated that relaxation not only eliminates the enhancement of crystallization rates but also frees the restraint of formation of β-crystal caused by shear flow. We systemically investigate the evolution of the crystal phase with relaxation. The value of K β and relative shear efficiency of β-nucleated iPP under different relaxed conditions is shown in Table 1 . For samples relaxed at 170°C for 5 min, the K β becomes 0.87, which has a big increase compared to the value of the sheared sample, 0.81. For samples relaxed for 30 min, the K β increases to 0.97, which is very close to the value of β-nucleated iPP without experiencing shearing.
It is obvious that the relative β-phase content of samples increases with the prolonging of relaxation duration at all three temperatures. The only discrepancy is that the increase rate of K β is quite different for three relaxation temperatures. As relaxed at 190°C, the K β increases to 0.97 only after 5 min relaxation. The introduction of shear flow results in a decrease of β-phase content in β-nucleated iPP, while the loss of β-phase content can restore its original value after experiencing the thermal annealing. We believe that this restoration must be related to the relaxation of shear-induced precursors, and consequently, the degree of restoration of relative β-phase content during relaxation may be determined by the extent of relaxation. To invalidate this perspective, we compared the relationship between the relative shear efficiency and K β in Figure 9 . The K β keeps increasing with the decrease of RSE until it comes to the maximum value, that is, the value of the unsheared sample. The decrease of RSE means the attenuation of shear effect, as well as the dissolution of shear-induced precursors. Clearly, the dissolution of shear-induced precursors helps to cause a restoration of β-phase content. It is worth to notice that, when the relative shear efficiency decreases lower than 0.75, the β-phase content has got back to the maximum value. Thereby, the increase of β-phase content did not synchronize with the decay of shear effect. It means that the shear effect on the crystal structure disappeared, even if the shear-induced precursors have not dissolved completely. It inspires us that the sheared β-nucleated iPP could be laid at temperature close to the real processing temperature (i.e., 170, 180, and 190°C) for a short time after shearing to eliminate the effect of shear on the crystalline structure and obtain high-purity β-phase iPP.
Conclusions
In conclusion, the relaxation behavior of the shear-induced nucleation precursor has been systematically investigated by 5 International Journal of Polymer Science means of the ARES rheometer. The enhanced crystallization rates gradually faded away when samples were held at a high temperature above the melting point. A linear decrease of RSE with the increase of relaxation duration was observed both in pure iPP and β-nucleated iPP. It demonstrated that foreign particles could stabilize the shear-induced precursors and consequently retard the relaxation process, thereby endowing the precursors in β-nucleated iPP with higher thermal stability. The effect of shear and subsequent relaxation on the crystalline structure has been studied. It is found that the relaxation can free the restraint effect of shear flow on the formation of β-crystals, as well as restore the loss of 
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